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PCB signatures can be used for source identification, exposure studies, age dating and bio-26 
monitoring. This study uses comprehensive two-dimensional gas chromatography with time-27 
of-flight mass spectrometry (GCxGC-ToFMS) to produce a PCB signature comprised of over 28 
80 PCBs for individual Leach’s storm petrels (Oceanodroma leucorhoa). The Leach’s storm 29 
petrel is a relatively small, elusive, understudied pelagic bird, which only returns to remote 30 
islands under darkness during the breeding season. Samples were obtained from 25 31 
Leach’s storm petrels found dead in Canada and the UK following storm events in 2006 and 32 
2009. Tissue samples were extracted and analysed by GCxGC-ToFMS and results showed 33 
that 83 PCB congeners were present in >60% of samples. An assessment of the PCB 34 
signature in four different tissue types showed that it did not vary greatly in samples obtained 35 
from the gut, heart, liver and stomach. Multivariate statistical analysis identified a distinctive 36 
PCB signature in birds from Canada and Europe which was used to identify the regional 37 
provenance and transatlantic movement of individual birds. The findings showcase the ability 38 
of GCxGC-ToFMS to provide the high quality congener specific analysis that is necessary 39 
for PCB fingerprinting, as well as highlighting the potential of PCB signatures for use in 40 
ecological studies of movement, foraging and behaviour.  41 
 42 
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1. Introduction 46 
1.1 PCB distribution and signatures in animals  47 
Polychlorinated biphenyls (PCBs) are a group of 209 man-made compounds that were first 48 
synthesised in the late 1800s and commercially produced in 1929 (Johnson et al., 2006). 49 
They were used extensively throughout the 20th century for a variety of industrial uses. PCB 50 
production in the United States peaked in 1970 (Durfree et al., 1976). However, production 51 
decreased steadily throughout the 1970’s due to a better understanding of the health and 52 
environmental risks associated with PCBs. Phasing out began in 1976 in the United 53 
Kingdom (UK) (Creaser et al., 2007) and in 1977 in Canada (Environment Canada, 2013). 54 
Today policy is largely conducted within an international framework, e.g. the Stockholm 55 
convention on persistent organic pollutants aims to eliminate PCB production and use and 56 
achieve environmentally sound management of PCBs by 2028 (UNEP, 2013). While PCBs 57 
have been largely phased out of commercial/industrial use, they are highly persistent in the 58 
environment and are still used in some countries in closed system applications, such as 59 
dielectric fluids in electrical equipment. Despite the reduction in PCB inventories and 60 
implementation of legislative controls on PCB use, releases to the environment still occur. 61 
Coupled with the high persistence of PCBs means they remain contaminants of concern 62 
which are found in organisms all over the globe. Investigations involving PCBs often focus 63 
on determining the concentrations of the most toxic PCBs (the 12 dioxin like congeners 64 
(WHO12)) and/or the most commonly detected PCBs (the European Union 7 indicator 65 
congeners (EC7)). Whilst this may be appropriate when determining a health risk or 66 
performing simple screening exercises, potentially useful data on the PCB signature is lost 67 
as only a fraction of the total number of PCBs present are quantified. Through appropriate 68 
sample preparation and analysis by comprehensive two-dimensional gas chromatography 69 
with time-of-flight mass spectrometry (GCxGC-ToFMS), over 130 PCBs have been detected 70 
within tissue samples (whiting liver) and used to create a detailed PCB signature (Megson et 71 
al., 2013a).  72 
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PCBs can enter the environment through intentional discharges, unintentional spillages and 73 
leaks and aerial deposition. Once they have been released into the environment they can 74 
undergo further cycling and long range transport. However, the global distribution of PCBs is 75 
far from homogenous and different regions of the globe have different total PCB 76 
concentrations and specific PCB signatures (Jaspers et al., 2013; Meijer et al., 2003). 77 
Variations in PCB signatures have been recorded in a wide variety of different animals 78 
(Hansen, 1999; Jaspers et al., 2013), which are believed to be primarily linked to the diet. 79 
Specific signatures have been recorded for different species of birds that consume various 80 
prey, e.g. fish, insects, mammals and other birds (Hansen, 1999; Jaspers et al., 2006). 81 
Variations in PCB signatures have also been used to identify different sub-populations of the 82 
same species feeding at different tropic levels. This has been demonstrated for Arctic 83 
mammals such as seals and walruses as well as seabirds (Hansen, 1999; Muir et al., 1995; 84 
Roscales et al., 2011).  85 
Most PCBs are present in animals in relatively low concentrations. This has often restricted 86 
investigations to techniques involving destructive tissue sampling so that analysis can be 87 
undertaken on lipid rich tissue or eggs. Among ornithological research, novel techniques, 88 
such as the analysis of feathers, have been used for non-destructive biomonitoring but only 89 
the most abundant PCB congeners are commonly detected (Dauwe et al., 2005; Jaspers et 90 
al., 2007). Therefore, due to ethical reasons and analytical limitations, few studies have used 91 
birds to investigate regional and geographical patterns of PCB contamination. Most studies 92 
have focused on non-migratory passerine species such as starlings (Eens et al., 2013), as 93 
they are a non-migratory and, as such, are well suited for monitoring local contamination. 94 
Contamination profiles are expected to better reflect local contamination because of their 95 
relatively small home ranges, territories and foraging areas (Eens et al., 2013). Less 96 
research has been undertaken on the PCB signature of hard to study species such as 97 
seabirds that operate over very large spatial scales. 98 
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1.2 Leach’s storm petrel 99 
The Leach’s storm petrel (Oceanodroma leucorhoa) is a small (wingspan 450 to 480 mm, 100 
weight 35 to 45 g) pelagic bird that breeds on remote islands (Huntingdon et al., 1996). 101 
Despite being globally abundant (>10 million breeding pairs), elusive habits such as 102 
nocturnal visits to colonies and pelagic foraging mean that aspects of its ecology remain 103 
unknown. In the North Atlantic there are breeding colonies in North America and Western 104 
Europe (Figure 1). Newfoundland, Canada supports the largest breeding colonies 105 
(Huntingdon et al., 1996; Robertson et al., 2006) and the European colonies are 106 
predominantly divided between two small island archipelagos in Iceland (Vestmanyjaer) and 107 
Scotland (St Kilda) (Mitchell et al., 2004).  108 
Although they spend much of their time at sea, large numbers of Leach’s storm petrel can be 109 
driven onshore during severe storm events. Many of these birds are discovered either dead 110 
or moribund, which presents an opportunity to undertake detailed assessments on 111 
carcasses and investigate their origin. During 2006 and 2009 a series of storm events in 112 
waters around the UK and Canada drove many Leach’s storm petrels inland. Twenty five 113 
carcases were obtained from wrecked birds that had been killed by these storms and 114 
subsequently recovered by members of the public. Twelve were recovered from 115 
Newfoundland and 13 from the UK. It was unclear if the wrecked birds discovered in the UK 116 
and Newfoundland were from local colonies, or from a combination of different breeding 117 
colonies widely spread across the North Atlantic. Tissue and feather samples were obtained 118 
from these wrecked birds and assessments of provenance were undertaken using highly 119 
branched isoprenoid (HBI) concentrations and stable isotope ratios (δ13C and δ15N). Analysis 120 
of HBI concentrations was able to distinguish between birds recovered from the UK and 121 
Newfoundland (see Table 1). HBIs provide recent dietary insights and the results indicate 122 
that the birds wrecked in the two areas were feeding locally in the weeks preceding the 123 
storms (Brown et al., 2013). Stable isotope ratios in a feather are linked to the prey 124 
consumed during the growth phase of that feather; therefore ratios are often used for 125 
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tracking the dispersal of migrant wildlife (Hobson, 2007).  However, the results for feathers 126 
obtained from the birds used in this study were inconclusive due to the mixture of feathers 127 
available from the wrecked birds and similarity in the signatures from the two sub-128 
populations. (see Table 1) (Bicknell, 2011).  129 
1.3 Aim 130 
Among marine predators, seabirds have been proposed as useful bio-indicators for PCBs 131 
and other persistent organic pollutants, mainly because they are positioned at high trophic 132 
positions, breed at specific locations and are widely distributed (Burger and Gochfeld, 2004). 133 
However, much of this research on seabirds has focused on coastal species due to the 134 
ethical and technical limitations of sampling strategies associated with pelagic species 135 
(Elliott, 2005; Yamashita et al., 2007). This paper assesses PCBs in the highly pelagic 136 
Leach’s storm petrel using a recently reported GCxGC-ToFMS method for fingerprinting 137 
PCBs in environmental samples (Megson et al., 2013a). This study aims to provide valuable 138 
baseline data on PCBs in Leach’s storm petrels from the North Atlantic and demonstrate the 139 
potential of using PCB signatures as a tool for identifying the provenance of individual birds. 140 
2 Methodology 141 
2.1 Sample collection and preparation 142 
The same set of carcasses that were analysed in previous studies undertaken by Bicknell 143 
(2011) and Brown et al. (2013) were used in this study. This comprised 12 birds from 144 
Newfoundland that were driven onshore during a storm event in early September 2006 (S-7 145 
to S-18), 11 birds from the UK that were recovered after a storm in December 2006 (S-21 to 146 
S-33) and two birds that were recovered from the UK after a storm in December 2009 (S-19 147 
and S-20) (Figure 1). All carcases were discovered by members of the public and stored at -148 
80 ˚C prior to sampling in 2011. Individual organs could not be removed from the majority of 149 
the samples due to partial decomposition. However, for one bird (S-22), decomposition was 150 
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not as severe and four specific organs were removed for analysis. Two organs were also 151 
removed from S-23 and S-24. 152 
 153 
Figure 1. Location of the main Leach’s storm petrel colonies and the sites from which 154 
wrecked birds were recovered during storms in 2006 and 2009. Twelve birds were recovered 155 
from Newfoundland (S-7 to S-18) and 13 birds from the UK in 2006 (S-21 to S-33) & 2009 156 
(S-19 and S-20) 157 
2.2 Extraction 158 
Sample extraction was undertaken following the established method for PCB extraction in 159 
tissues reported by Megson et al. (2013a) and outlined in Brown et al. (2013). All samples 160 
were freeze-dried (-45 ˚C; 0.2 mbar; 72 h) and ground into a powder, internal standards 161 
were added and an organic extract obtained by adding dichloromethane/methanol (2:1 v/v) 162 
and ultrasonicating (8 x 10 min). Extracts were filtered, dried and re-suspended in hexane 163 
before being separated into a non-polar fraction by column chromatography (SiO2). Samples 164 
were blown down to approximately 50 µL using nitrogen, left overnight in a clean 165 
environment to evaporate to dryness and reconstituted with 10 µL of 13C12 internal standard 166 
(CIL-EC-5370 EN-1948-4 PCB sampling standard, LGC) and 90 µL of hexane prior to 167 
analysis by GCxGC-ToFMS.  168 
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2.3 GCxGC-ToFMS Analysis 169 
2.3.1 Analytical procedure 170 
Samples were analysed using the method described by Megson et al. (2013a) using a time-171 
of-flight mass spectrometer, (LECO, St. Joseph, MI Pegasus 4D) coupled to a two 172 
dimensional gas chromatograph (Agilent Technologies 7890A) equipped with a thermal 173 
modulator (LECO, St. Joseph, MI). The gas chromatograph was installed with a Rtx-PCB (60 174 
m x 0.18 mm x 0.18 µm) 1D column and a Rxi-17 (1.5 m x 0.1 mm x 0.1 µm) 2D column. A 175 
sample volume of 1 µL was injected in splitless mode. All data files were processed using 176 
ChromaTOF software set to identify 10,000 peaks with a signal-to-noise ratio of > 10:1. 177 
Throughout this paper PCBs are referred to using the Guitart numbering system (Guitart et 178 
al., 1993). 179 
2.3.2 Data Quality 180 
Analytical blanks were run with each batch of approximately 10 samples. All samples were 181 
spiked with a 13C12 internal standard (CB-60, CB-127, CB-159) which was used to quantify 182 
PCB concentrations by isotope dilution. Concentrations were normalised to dry weight tissue 183 
mass and are therefore reported as ng g-1. As samples were originally extracted for the 184 
analysis of HBIs, PCB recovery could not be accurately determined for each sample; 185 
therefore reported concentrations were not corrected based on sample recovery or lipid 186 
corrected. However, application of this method to other tissue samples (such as fat and 187 
blood) for the determination of PCBs consistently recorded recoveries in the range 30 – 60% 188 
(unpublished data), which meets the recovery requirements of US EPA method 1668C. 189 
Experiments using a 50:50 mixture of A1254:A1016 (at 500 µg L-1 total PCBs) showed no 190 
significant loss from the blow-down procedure for any of the PCBs analysed (recovery of 101 191 
± 3.4 %; 1 standard deviation). Limits of detection for individual PCBs were in the range 0.1 - 192 
5 ng g-1 (dry weight). Accuracy and precision were measured for the sum of the European 193 
Union 7 indicator congeners (EC7) (CB-28, CB-52, CB-101, CB-118, CB-138, CB-153, CB-194 
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180) by analysing a 10 mg L-1 Aroclor 1248 standard three times. The accuracy of the sum 195 
of the EC7 congeners for the three samples was 105 ± 0.9 % (1 standard deviation). 196 
2.4 Statistical analysis 197 
The results for the 25 storm petrels were subjected to principal component analysis (PCA). 198 
For the birds where individual organs were removed the results from each organ were 199 
included in the analysis. The samples denoted with; ‘a’ were obtained from the liver, ‘b’ from 200 
the stomach, ‘c’ from the guts and ‘d’ from the heart. Where a PCB was not detected it was 201 
included in the dataset as a ‘0’. As part of the data quality check, other values were 202 
substituted for ‘0’, but these had no observable effect on the data output and so the ‘0’s were 203 
retained. To reduce any bias from a high proportion of non-detects for a specific congener, 204 
PCBs that were not detected in over 60% of samples (i.e. PCBs present in less than 18 out 205 
of the 30 samples) were removed from the analysis following the guidance of Helsel (2006). 206 
The resultant data set contained 30 samples and 83 PCBs. Before performing PCA the data 207 
were normalised by transformation to a percent metric to remove concentration/dilution 208 
effects. The data were then mean centred and scaled using a Z-transform (autoscale 209 
transform) to prevent high concentration variables from dominating the analysis (Johnson et 210 
al., 2007). The first three principal components explained 65.5% of the variance in the data 211 
set. Scatter plots showing goodness of fit on a congener-by-congener basis are shown in 212 
Supplementary Information (S1). These justify the use of a three principal component model 213 
over a two principal component model as they show the improvement in the goodness of fit 214 
for the more chlorinated congeners. 215 
3 Results 216 
3.1 PCBs in the Leach’s storm petrel 217 
The most dominant PCBs encountered in the samples were CB-153, CB-118, CB-138 and 218 
CB-180. In each sample these accounted for approximately 30%, 10%, 10% and 10% of the 219 
total PCB load respectively. PCB concentrations were calculated for the European Union 7 220 
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indicator (EC7) congeners and varied from 0.6 µg g-1 (S-12) to 290 µg g-1 (S-22). Total 221 
concentrations of the EC7 congeners appeared to be greater in the birds found in the UK 222 
(mean value of 36 µg g-1) compared with the birds found in Canada (mean value of 11 µg g-223 
1), although these differences were not statistically significant (Figure 2). 224 
 225 
Figure 2. Box and whisker plots of the sum of European Union 7 indicator (EC7) congeners 226 
in Leach’s storm petrels found in Canada and the UK. The box shows the interquartile range 227 
(25th percentile to 75th percentile), with the median as a horizontal line across each box and 228 
the mean displayed as a black dot. Whiskers (lines) represent 1.5 times the interquartile 229 
range and samples beyond the interquartile range are plotted as individual points. 230 
The PCB concentrations are reported along with the results of the previous investigations 231 
undertaken by Bicknell (2011) and Brown et al. (2013), in Table 1. While no correlation 232 
between the PCB concentrations and stable isotope data was observed, there was a strong 233 
positive correlation between the PCB and HBI concentration data (R2 value of 0.7 and P 234 
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value of 0.006). Where possible the sex of the bird was also determined, however this was 235 
not well correlated with the stable isotope, HBI or PCB data. PCB concentrations in birds 236 
wrecked from the 2009 storm were slightly lower than the birds from the 2006 storm; 237 
however there was no observable difference in the PCB signatures (see Section 3.3). 238 
Table 1. Concentrations of ∑EC7 PCBs, HBIs (Brown et al., 2013) and stable isotope ratios 239 
from Leach’s storm petrels from the identified subgroups (Bicknell, 2011), concentrations 240 













Recovered from Canada  
S-7 3.1 - 15.3a -20.0a F 
S-8 2.7 - 13.2a -17.7a F 
S-9 6.0 0.22 15.2 -18.8 F 
S-10 6.4 0.45 14.6 -19.0 F 
S-11 1.8 0.21 14.2 -18.8 F 
S-12 0.6 0.17 14.9 -19.2 F 
S-13 5.0 - 14.9a -19.9a F 
S-14 15 - 14.6a -17.9a F 
S-15 1.0 - - - F 
S-16 9.7 - 14.7a -18.9a F 
S-17 65 - 14.3a -19.1a F 
S-18 11 0.42 13.7 -19.1 M 
Average (1 σ) 10.6 (+/- 17.6) 0.29 (+/- 0.13) 14.5 (+/- 0.58) -19.0 (+/- 0.19)  
Recovered from the UK  
S-22 290 4.7 15.0 -19.2 - 
S-23 16 2.2 15.4 -19.1 - 
S-24 52 4.2 14.7 -20.7 F 
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S-25 24 2.4 14.7 -19.1 M 
S-26 15 1.2 14.2 -18.9 F 
S-29 18 2.9 12.2 -19.1 F 
S-19 4.3 - 13.4 -17.6 - 
S-20 2.1 - 14.7 -18.3 - 
S-21 6.6 2.7 14.2 -18.6 M 
S-27 14 4.3 13.8 -19.8 - 
S-30 7.4 0.9 14.6 -18.9 M 
S-32 8.1 - 14.4 -19.1 F 
S-33 13 2.6 12.7 -19.0 M 
Average (1 σ) 36.2 (+/- 77.3) 2.8 (+/- 1.3) 14.2 (+/-0.92) -19.0 (+/- 0.72)  
- = not analysed 242 
a = Sample collection was targeted towards newly grown feathers (produced whilst the birds 243 
were at their respective breeding grounds); however these birds had not finished moulting 244 
and therefore the sample had to be obtained from an old tail feather rather than new one. 245 
3.2 PCB signatures in different organs 246 
Individual organs could not be removed from the majority of the samples due to partial 247 
decomposition. However, where different organs could be removed the PCB signature 248 
appeared to be similar in each organ, although the stomach contained higher proportions of 249 
CB-190 and depleted proportions of CB-153 (Figure 3). The covariance in the signature of 250 




Figure 3. Congener plots showing differences in signature in liver, stomach, guts and heart 253 
from the same Leach’s storm petrel found wrecked in the UK. ‘U’ represents a PCB present 254 
at a concentration below the limit of detection. 255 
3.3 Identifying Leach’s storm petrels wrecked in Western Europe and Canada 256 
Three main groups of birds were identified through principal component analysis (Figure 4), 257 
with a gradation/mixing between the groups. The three groups were labelled as; Canadian 258 
group, Western European group 1 and Western European group 2. The Canadian group 259 
were separated by a positive score on principal component 2, whereas birds recovered from 260 
the UK predominantly had a negative score on principal component 2. The birds found in the 261 
UK were further subdivided as Western European group 1, based on a positive score on 262 
principal component 1 and Western European group 2 based on a negative score on 263 
principal component 1. A similar 3 end member system was also produced when the data 264 
were assessed using the unmixing model, polytopic vector analysis. This is a self-training, 265 
receptor modelling technique that can be used to resolve the following in a multivariate 266 
mixed chemical system; the most likely number of end members, the composition of each 267 
end member and the relative proportions of each end member in a sample (Johnson et al., 268 
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2007). A ternary diagram of the mixing model results from the polytopic vector analysis is 269 
presented in Supplementary Information (S2). 270 
 271 
Figure 4. PCA scores plot showing three main groups of birds. Red dots represent birds 272 
found in Canada and blue dots represent birds found in the UK.  273 
 274 
Although overlap between the different groups is apparent, the results reveal differences in 275 
the PCB signature in the birds recovered from Canada and the UK. The birds recovered 276 
from the UK had higher proportions of CB-138, CB-163, CB-187 and CB-184, whereas the 277 
birds recovered from Canada tended to have higher proportions of CB-153. The results also 278 
split the birds recovered from the UK into two sub-groups. Western European group 1 279 
generally contained higher proportions of the more chlorinated congeners; CB-170, CB-180, 280 
CB-183 and CB-194 whereas the Western European group 2 birds generally contained 281 
higher proportions of the less chlorinated congeners; CB-66, CB-74, CB-99 and CB-105 282 




Figure 5. Bar charts of representative PCB signatures from each of the three groups; S-07 285 
from the Canadian group, S-22a from the W. European group 1 and S-19 from the W. 286 
European group 2. 287 
4 Discussion 288 
4.1 PCB signatures in different organs 289 
Analysis of individual organs obtained from the same Leach’s storm-petrel showed that the 290 
PCB signature did not vary greatly between the liver, stomach, guts and heart (Figure 3). 291 
This is consistent with previous research which has shown that a similar PCB signature was 292 
present in a variety of different tissue samples analysed from the same bird (Boumphrey et 293 
al., 1993). The main difference in the signature of organs analysed in this study was 294 
observed in the stomach which contained higher proportions of CB-190 and depleted 295 
proportions of CB-153. As the contents of the stomach were not completely removed prior to 296 
extraction, this difference could be associated with the PCB signature of undigested food 297 
within the stomach. 298 
16 
 
Although the PCB signature remained relatively constant between different organs the total 299 
concentrations of the EC7 PCBs were more variable. The highest concentration was 300 
recorded in the liver (580 µg g-1), which was higher than concentrations recorded in the 301 
stomach (150 µg g-1), guts (240 µg g-1) and heart (210 µg g-1). The relative similarity of the 302 
PCB signature in different organs (Figure 3) demonstrates that comparisons between birds 303 
can be made irrespective of the tissue type sampled. Nonetheless it is preferable to use the 304 
same tissue type if direct comparison of PCB concentrations between samples is required. 305 
In this study the highest total PCB concentrations were obtained from the liver, which 306 
suggests that it is a good tissue type for future studies. Using the liver should provide a 307 
higher number of PCBs to be detected compared to other tissue types, leading to a more 308 
informative PCB signature. 309 
4.2 Distinguishing differences among individual Leach’s storm petrels 310 
Previous attempts to distinguish differences among the 25 wrecked Leach’s storm petrels 311 
have involved the analysis of stable isotopes and HBIs. While stable isotopes showed no 312 
clear differentiation in feather signatures (Bicknell, 2011), interpretation of HBIs provided a 313 
division of the samples obtained from Canada and the UK (Brown et al., 2013). In the current 314 
study, the application of principal component analysis to PCB data obtained by GCxGC-315 
ToFMS provided additional information. Firstly, principal component analysis of PCB 316 
signatures not only distinguished between birds that were collected from Canada and the UK 317 
but also identified a further sub-division in the European birds (Figure 4). The HBI analysis 318 
showed that the total concentrations and relative distributions of HBI isomers were similar for 319 
all Leach’s storm petrels recovered from the UK. HBIs provide dietary insights for relatively 320 
short periods of time (e.g. <1 month (Brown and Belt, 2012)) and so this relative similarity 321 
was interpreted as being consistent with dietary contributions in the weeks prior to the birds 322 
being wrecked in December (Brown et al., 2013). This period coincides with the breeding / 323 
fledging period (between late May and November) and indicates that during this period the 324 
birds were all feeding in a similar area. In contrast to HBIs, PCBs are known to be highly 325 
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persistent in animals and so the signature is representative of many years exposure 326 
throughout the animal’s lifetime (Jaspers et al., 2013). The main exposure pathway for 327 
animals is usually linked to their diet; therefore variations in feeding patterns could explain 328 
the differences in the PCB signatures observed in Figure 4. 329 
The diet of the Leach’s storm petrel predominantly comprises small fish and zooplankton, 330 
although feeding preference has been shown to vary slightly throughout the fledging period 331 
and is based on the availability of different food sources throughout the year (Hedd et al., 332 
2009). In Newfoundland fish were identified as the preferential food source and comprised 333 
60 - 90% of a storm petrel’s diet. Results from Hedd et al. (2009) showed that mature 334 
lanternfish (myctophids) which vertically migrate from the mesopelagic during the night were 335 
the most consumed food source (78% of identified fish). The higher concentrations of PCBs 336 
and higher proportions of the more chlorinated congeners are both indicators that the 337 
Western European group 1 birds were feeding on prey from higher tropic levels (Bentzen et 338 
al., 2008; Muir et al., 1995), and/or prey from the mesopelagic and deep sea rather than  339 
surface water species (Roscales et al., 2011). Analysis of stable isotopes in the blood of 340 
breeding Leach’s storm petrels revealed regional differences in δ13C and δ15N, attributed to 341 
potential differences in food-web structure/length in each region (Bicknell et al., 2013). The 342 
principal component analysis of the PCB signatures supports this hypothesis by indicating 343 
the three groups of birds are representative of sub-populations consuming prey from 344 
different trophic levels and/or from different regional ecosystems. 345 
Biometric variability may also influence the PCB signature of birds. Whilst this study was 346 
able to demonstrate that there was no gender based variation, any age related variation 347 
could not be investigated because the age of the birds was not known. PCB signatures in 348 
long-lived animals, such as humans, have been shown to vary over time due to variable 349 
exposure and the subsequent biotransformation and elimination of less persistent congeners 350 
(Megson et al., 2013b; Quinn and Wania, 2012). As a result, older individuals tend to have 351 
higher total PCB concentrations which are dominated by the more chlorinated congeners. 352 
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Whilst this could indicate that the observed sub-grouping of the European birds was a 353 
function of age, the absence of a similar division in the Canadian birds, which might also be 354 
expected to contain age variation, suggests that this is unlikely. 355 
4.3 Evidence for ocean-wide movement of Leach’s storm petrels 356 
There was overlap between the two groups of birds recovered from Newfoundland and the 357 
UK. Although S-17 was collected in Newfoundland, PCA revealed it had a PCB signature 358 
representative of European birds. In addition to the PCA assignment, this sample also 359 
contained higher total PCB concentrations than the other Canadian birds, which was more 360 
representative of European birds. This suggests that S-17 was originally from Europe but 361 
had migrated across the Atlantic. 362 
There were also four birds (S-23, S-24, S-26 and S-33) collected in the UK that have a 363 
similar PCB signature to the Canadian birds. This would suggest these birds originated from 364 
the Newfoundland region of Canada. However, as the HBI data for these four birds is 365 
consistent with the other birds recovered from the UK it also suggests they were feeding 366 
around Western Europe in the weeks leading up to the storm. It is therefore likely that these 367 
birds had already migrated to Europe more than a month prior to the storm that 368 
subsequently killed them.  369 
These findings provide further evidence of regular movement of individual Leach’s storm 370 
petrels across the North Atlantic, and the high level of connectivity between regions and 371 
colonies as indicated by previous stable isotope and genetic studies (Bicknell et al., 2012; 372 
Bicknell et al., 2013). 373 
5 Conclusions 374 
Analysis of tissue obtained from 25 wrecked storm petrels by GCxGC-ToFMS was used to 375 
produce a comprehensive data set with 83 specific PCB congeners present in >60% of 376 
samples. Analysis of different organs from the same bird showed that the PCB signature did 377 
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not vary greatly in samples obtained from the gut, heart, liver and stomach. The data set was 378 
interrogated by multivariate statistical analysis which identified different PCB signatures in 379 
birds recovered from Canada and the UK. The differences in PCB signatures are believed to 380 
be representative of sub-populations consuming prey taxa from different trophic levels 381 
and/or utilising different feeding locations although possible influences due to age could not 382 
be discounted. There was some overlap in the PCB signatures of birds recovered from 383 
Canada and the UK, thereby providing further evidence of regular movement of individual 384 
Leach’s storm petrels across the North Atlantic and a high level of connectivity between 385 
regions and colonies.  386 
The results of this study show how PCB fingerprinting can be a useful tool to study the 387 
provenance, geographical movement, and feeding habits of animals such as the Leach’s 388 
storm petrel. As with any fingerprinting exercise, the most reliable conclusions are drawn 389 
from multiple lines of evidence. Previous investigations have shown how HBI and stable 390 
isotope analysis of blood and feathers can be used to assess recent movement of 391 
individuals. In this study PCBs have been used to identify differences over longer time 392 
scales. 393 
The findings highlight the ability of GCxGC-ToFMS to provide the high quality congener 394 
specific analysis that is necessary when comparing PCB signatures. This work builds on 395 
previous studies using PCB signatures in birds by successfully applying the technique to an 396 
understudied pelagic species utilising a large territory and foraging area. 397 
Acknowledgements 398 
The authors would like to thank Ann Tanderitispole and Chris Gallagher (University of 399 
Strathclyde) for their assistance with sample analysis and the Scottish Funding Council and 400 
EPSRC Grant EP/D013739/2 for funding associated with the University of Strathclyde 401 
Laboratory. Alec Kettle (Leco) for his help and support with the research. Thanks to Greg 402 
Robertson at Canada Wildlife Services, Newfoundland for supplying the samples from the 403 
20 
 
Canadian wreck and members of the public that kindly sent in corpses found in the UK. 404 
Finally, David Megson would also like to thank Plymouth University for funding this project as 405 
part of his PhD research. 406 
References 407 
Bentzen TW, Follmann EH, Amstrup SC, York GS, Wooller MJ, Muir DCG, O'Hara TM. 408 
Dietary biomagnification of organochlorine contaminants in Alaskan polar bears. 409 
Canadian Journal of Zoology 2008; 86: 177-191. 410 
Bicknell AWJ. Population structuring and dispersal in the highly pelagic leach’s storm-petrel: 411 
Implications for the EU population. Doctor of Philosopy. University of Plymouth, 2011. 412 
Bicknell AWJ, Knight ME, Bilton D, Reid JB, Burke T, Votier SC. Population genetic structure 413 
and long-distance dispersal among seabird populations: Implications for colony 414 
persistence. Molecular Ecology 2012; 21: 2863-2876. 415 
Bicknell AWJ, Knight ME, Bilton DT, Campbell M, Reid JB, Newton J, Votier SC. Intercolony 416 
movement of pre-breeding seabirds over oceanic scales: implications of cryptic age-417 
classes for conservation and metapopulation dynamics. Diversity and Distributions 418 
2013; doi: 10.1111/ddi.12137. 419 
Boumphrey RS, Harrad SJ, Jones KC, Osborn D. Polychlorinated biphenyl congener 420 
patterns in tissues from a selection of British birds. Archives of Environmental 421 
Contamination and Toxicology 1993; 25: 346-352. 422 
Brown TA, Belt ST. Closely linked sea ice–pelagic coupling in the Amundsen Gulf revealed 423 
by the sea ice diatom biomarker IP25. Journal of Plankton Research 2012; 34: 647-424 
654. 425 
Brown TA, Bicknell AWJ, Votier SC, Belt ST. Novel molecular fingerprinting of marine avian 426 
diet provides a tool for gaining insights into feeding ecology. Environmental 427 
Chemistry Letters 2013; DOI: 10.1007/s10311-013-0402-x. 428 




Creaser CS, Wood MD, Alcock R, Copplestone D, Crook PJ. UK Soil and Herbage Pollutant 431 
Survey Report No. 8. Environmental concentrations of polychlorinated biphenyls 432 
(PCBs) in UK soil and herbage.  2007. 433 
Dauwe T, Jaspers VLB, Covaci A, Schepens P, Eens M. Feathers as a non-destructive 434 
biomonitor for persistent organic pollutants. Environmental Toxicology and Chemistry 435 
2005; 24: 442-449. 436 
Durfree RL, Contos G, Whitmore FC, Barden JD, Hackman EEI, Westin RA. PCBs in the 437 
United States - industrial use and environmental distribution.  1976. 438 
Eens M, Jaspers VLB, Van den Steen E, Bateson M, Carere C, Clergeau P, Costantini D, 439 
Dolenec Z, Elliott JE, Flux J, Gwinner H, Halbrook RS, Heeb P, Mazgajski TD, 440 
Moksnes A, Polo V, Soler JJ, Sinclair R, Veiga JP, Williams TD, Covaci A, Pinxten R. 441 
Can starling eggs be useful as a biomonitoring tool to study organohalogenated 442 
contaminants on a worldwide scale? Environment International 2013; 51: 141-149. 443 
Elliott JE. Chlorinated hydrocarbon contaminants and stable isotope ratios in pelagic 444 
seabirds from the north Pacific Ocean. Archives of Environmental Contamination and 445 
Toxicology 2005; 49: 89-96. 446 
Environment Canada. Polychlorinated Biphenyls (PCBs). 2013. Accessed on, 8th August 447 
2013. http://www.ec.gc.ca/bpc-pcb/ 448 
Guitart R, Puig P, Gomez-Catalan J. Requirement for a standardized nomenclature criterium 449 
for PCBs: Computer-assisted assignment of correct congener denomination and 450 
numbering. Chemosphere 1993; 27: 1451-1459. 451 
Hansen LG. The ortho side of PCBs: Kluwer Academic Publishers, 1999. 452 
Hedd A, Montevecchi WA, Davoren GK, Fifield DA. Diets and distributions of Leach's storm-453 
petrel (Oceanodroma leucorhoa) before and after an ecosystem shift in the 454 
Northwest Atlantic. Canadian Journal of Zoology-Revue Canadienne De Zoologie 455 
2009; 87: 787-801. 456 
Helsel DR. Fabricating data: How substituting values for nondetects can ruin results, and 457 
what can be done about it. Chemosphere 2006; 65: 2434-2439. 458 
22 
 
Hobson K. Isotope tracking of migrant wildlife. . Oxford, UK: Blackwell Publishing Ltd, 2007. 459 
Huntingdon CE, Butler RG, Mauk RA. Leach's storm petrel. In: Poole A, Gill F, editors. The 460 
Birds of North America. The Academy of Natural Sciences, Philadelphia, PA and the 461 
American Ornithologist Union, Washington, DC., 1996. 462 
Jaspers VLB, Covaci A, Voorspoels S, Dauwe T, Eens M, Schepens P. Brominated flame 463 
retardants and organochlorine pollutants in aquatic and terrestrial predatory birds of 464 
Belgium: Levels, patterns, tissue distribution and condition factors. Environmental 465 
Pollution 2006; 139: 340-352. 466 
Jaspers VLB, Megson D, O'Sullivan G. POPs in the Terrestrial Environment. In: O'Sullivan G, 467 
Sandau CD, editors. Environmental Forensics for Persistent Organic Pollutants. 468 
Elsevier, 2013. 469 
Jaspers VLB, Voorspoels S, Covaci A, Lepoint G, Eens M. Evaluation of the usefulness of 470 
bird feathers as a nondestructive biomonitoring tool for organic pollutants: A 471 
comparative and meta-analytical approach. Environment International 2007; 33: 328-472 
337. 473 
Johnson GW, Ehrlich R, Full W, Ramos S. Chapter 7: Principal components analysis and 474 
receptor models in environmental forensics. In: Morrison R, Murphy BL, editors. An 475 
Introduction to Environmental Forensics. 2nd Edition. Elsevier, Amsterdam, 2007, pp. 476 
207-272. 477 
Johnson GW, Quensen III JF, Chiarenzelli JR, Coreen Hamilton M. Polychlorinated 478 
Biphenyls. In: Morrison RD, Murphy BL, editors. Environmental Forensics 479 
Contaminant Specific Guide. Academic Press, 2006. 480 
Megson D, Kalin RB, Worsfold P, Gauchotte-Lindsay C, Patterson Jr DG, Lohan MC, 481 
Comber S, Brown TA, O’Sullivan G. Fingerprinting polychlorinated biphenyls in 482 
environmental samples using comprehensive two-dimensional gas chromatography 483 
with time-of-flight mass. Journal of Chromatography A 2013a; 1318: 276-283. 484 
Megson D, O’Sullivan G, Comber S, Worsfold PJ, Lohan MC, Edwards MR, Shields WJ, 485 
Sandau CD, Patterson Jr DG. Elucidating the structural properties that influence the 486 
23 
 
persistence of PCBs in humans using the National Health and Nutrition Examination 487 
Survey (NHANES) dataset. Science of the Total Environment 2013b; 461–462: 99-488 
107. 489 
Meijer SN, Ockenden WA, Sweetman A, Breivik K, Grimalt JO, Jones KC. Global 490 
Distribution and Budget of PCBs and HCB in Background Surface Soils:  Implications 491 
for Sources and Environmental Processes. Environmental Science & Technology 492 
2003; 37: 667-672. 493 
Mitchell IP, Newton SF, Ratcliffe N, Dunn TE. Seabird Populations of Britain and Ireland. 494 
London, UK: T & A D Poyser, 2004. 495 
Muir DCG, Segstro MD, Hobson KA, Ford CA, Stewart REA, Olpinski S. Can seal eating 496 
explain elevated levels of PCBs and organochlorine pesticides in walrus blubber from 497 
Eastern Hudson-bay (Canada). Environmental Pollution 1995; 90: 335-348. 498 
Quinn CL, Wania F. Understanding Differences in the Body Burden-Age Relationships of 499 
Bioaccumulating Contaminants Based on Population Cross Sections versus 500 
Individuals. Environmental Health Perspectives 2012; 120: 554-559. 501 
Robertson GJ, Russell J, Bryant R, Fifield DA, Stenhouse IJ. Size and trends of Leach’s 502 
storm-petrel Oceanodroma leucorhoa breeding populations in Newfoundland. Atlantic 503 
Seabirds 2006; 8: 41-50. 504 
Roscales JL, González-Solís J, Muñoz-Arnanz J, Jiménez B. Geographic and trophic 505 
patterns of OCs in pelagic seabirds from the NE Atlantic and the Mediterranean: A 506 
multi-species/multi-locality approach. Chemosphere 2011; 85: 432-440. 507 
UNEP. Stockholm Convention, PCBs Overview. 2013. Accessed on, 12th Novemeber 2013 508 
http://chm.pops.int/Implementation/PCBs/Overview/tabid/273/Default.aspx 509 
Yamashita R, Takada H, Murakami M, Fukuwaka M-a, Watanuki Y. Evaluation of 510 
Noninvasive Approach for Monitoring PCB Pollution of Seabirds Using Preen Gland 511 
Oil. Environmental Science & Technology 2007; 41: 4901-4906. 512 
 513 
24 
 
 514 
